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We report the generation of a mid-infrared supercontinuum created by ≈7.5 ps duration pulses at 3260 nm passing
through a dispersion engineered As2S3 rib waveguide. The threshold for a 6.6 cm long waveguide was around 800W
and at 1700 W the spectrum extended from ≈2.9–4.2 μm and was limited on the long wavelength side by absorption
in the cladding of this particular waveguide. © 2012 Optical Society of America
OCIS codes: 130.4310, 190.4390.
The observation of octave-spanning supercontinuum
(SC) from a microstructured fiber pumped by a fsec
Ti:sapphire laser by Ranka et al. in 2000 [1] provided
the impetus for a wide range of scientific and commercial
opportunities for high brightness, fiber-based, broadband
sources. Recently, there has been growing interest in ex-
tending the spectral coverage of SC generation to the mo-
lecular fingerprint region (2–25 μm) in the mid-infrared
(MIR) where bright, broadband sources are lacking. In
order to extend SC to wavelengths beyond ≈2 μm, non-
linear materials with much better MIR transparency than
silica are essential. Interesting candidates include tellur-
ite and chalcogenide glasses and these could produce SC
to 5 and 20 μm, respectively. Recently there have been
several reports of SC generation in the MIR [2–4] with
perhaps the most impressive results being those from
Domachuk et al. [4], who reported generation of SC
from 450–5000 nm from a tellurite fiber pumped by
110 fs pulses from an optical parametric oscillator.
To further extend the SC spectrum requires materials
with higher nonlinearity and better MIR transparency
than the tellurites and in this context chalcogenide
glasses are very attractive. These heavy element glasses
have optical transmission to ≈8 μm for sulphides, ≈14 μm
for selenides, and >20 μm for tellurides, and are also
among the most nonlinear glasses that are known [5].
In this Letter we present the first report of SC generation
at modest pulse powers ≈1000–2000 W in a dispersion-
engineered As2S3 planar rib waveguide. The spectral
width achieved was limited to the range from 2.9 to
4.2 μm because of intrinsic absorption in the cladding ma-
terial used in the fabrication of this particular waveguide.
Numerical simulations fit the measured spectra very well
and indicate that by eliminating the cladding absorption,
the spectrum would extend all the way up to the trans-
mission limit of the glass at ≈8 μm. To our knowledge,
this is the first report of SC generation in the MIR from
a planar waveguide.
The waveguide used in these experiments was pro-
duced from a 2.5 μm thick As2S3 film deposited onto
an oxidized silicon wafer. A thin SU8 protective layer
was applied to prevent attack of the As2S3 surface by
alkaline photoresist developer [6] before waveguides
4 μmwide were patterned into a photoresist using optical
lithography and transferred into the As2S3 using ICP
etching with first oxygen and then CHF3 plasma. The
photoresist was removed using a solvent stripper and the
remaining SU-8 with oxygen/Ar/CHF3 plasma. Finally, a
micrometer thick Teflon-like film was deposited onto the
rib waveguides to isolate the core from atmospheric
water vapor or other contaminants. This was deposited
from CHF3 plasma at high gas flow rate and gas pressure,
and zero bias power [7].
The group velocity dispersion of the waveguides was
calculated as a function of wavelength and film thickness
using the full-vector finite difference method and is
shown in Fig. 1 for the fundamental TE mode. As is ap-
parent, the dispersion becomes anomalous beyond
≈2.5 μm, and hence a source operating at a longer wave-
length than this is required to generate SC. This particular
waveguide supports the fundamental guided mode
across the full optical transmission band of As2S3 (to be-
yond 8 μm).
The optical source used for the experiments was simi-
lar to the optical parametric amplifier described in [8]. It
consisted of a PPLN crystal containing a graded grating
spanning periods from 25.5–31.5 μm and pumped by
≈18 ps duration pulses from a mode-locked Nd:YVO4
laser and seeded with CW emission from a Photonetics
Tunics Purity laser tunable from 1450 to 1590 nm. By
simultaneously tuning the seed laser and the grating
period, mid-IR output between 3 and 4 μm could be
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Fig. 1. (Color online) Group velocity dispersion for the TE
mode as a function of wavelength a thickness for a rib wave-
guides with 50% etch depth. The locus of the zero dispersion
is shown by the white line and the pump wavelength by the
black line.
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generated with typical average power of 120 mW in
transform-limited pulses with duration ≈7.5 psec at a
repetition rate 1.5 MHz and in a near diffraction-limited
beam.
After removing the residual pump and amplified seed
beam using dichroic mirrors and a long pass MIR filter,
the OPA output was focused into the waveguide using a
high-NA (0.85) molded aspheric (Lightpath “BlackDia-
mond”) lens. The focused spot was imaged with a second
lens onto a Xenics Onca InSb camera from which the
spot size was estimated to be ≈3–4 μm.
After coupling light into the waveguides the trans-
mitted power was measured directly by imaging the
waveguide output onto the Xenics camera. This allowed
both the coupling to be optimized and the transmitted
power to be measured using the line-scan or area aver-
aging features of the camera software for a known input
power. Waveguide loss was estimated using the cut-back
method using three different waveguide lengths between
6.6 and 21 cm. The total insertion loss of the chip includ-
ing all coupling optics was measured at 3.6 μm and found
to be 14.7 dB for a 6.6 cm long waveguide.
The results of the loss measurements are shown in
Fig. 2 from which the waveguide loss at 3.6 μmwas found
to be 0.75 0.05 dB ∕ cm and the total coupling losses
≈5 dB ∕ facet. The loss depended on wavelength increas-
ing moderately at shorter wavelengths, most likely due to
either absorption in the silica substrate, OH contamina-
tion in the chalcogenide glass, or water adsorption in the
slightly porous Teflon cladding. A more dramatic in-
crease occurred at longer wavelengths and was due to a
combination of overtone absorption in the Teflon clad-
ding, absorption the silica substrate, and residual S-H ab-
sorption in the As2S2 that had not been specifically
purified for these experiments. Hence, in this particular
device the loss was <2 dB ∕ cm for wavelengths <3.9 μm,
and, as will be shown later, this significantly reduced
the bandwidth over which the supercontinuum could
be generated.
To measure the spectral broadening the output from
the waveguide was imaged onto the entrance slit of a
Sandhouse Design SIR spectrometer with a spectral
resolution of 5 nm. A Hg-Cd-Te detector allowed the
spectrum to be recorded from 2.5–4.5 μm.
The measured evolution of the spectrum as a function
of the input power is shown in Fig. 3. With increasing
power the spectrum first broadens by self-phase
modulation before a pair of side-lobes located symmetri-
cally around the pump appear due to the influence of four
wave mixing. As the power is further increased a long
wavelength lobe grows corresponding to the Raman
bands in As2S3 at around 10 THz below the pump. With
a further increase in power the spectrum broadens pri-
marily to longer wavelengths and generates a relatively
flat and featureless plateau characteristic of SC genera-
tion. The spectrum becomes clamped on the long wave-
length end never extending beyond ≈4.2 μm.
SC generation was modeled using the split-step
Fourier method to solve the nonlinear Schrödinger equa-
tion using the dispersion calculated using the finite
difference method. The wavelength dependence of the
absorption was modeled approximately using five Gaus-
sian absorption peaks positioned to represent the absorp-
tion of Teflon and water in the 2–8 μm range assuming
around 1% of the power interacted with the cladding
as expected by modeling. In addition since SC generation
is sensitive to the presence of noise, the amplitude and
spectral distribution of the amplified parametric fluores-
cence produced by the OPA was measured and included
in the code. The noise had a spectral brightness around
30–40 dB below the pump and extended over a band-
width of ≈120 nm.
The simulation results are shown in Fig. 4 and were
obtained by averaging 20 simulations to reduce the fluc-
tuations that resulted from seeding by noise. Overall the
simulations are in very good agreement with the mea-
sured spectra demonstrating the asymmetric nature of
the SC spectrum and clamping by waveguide loss at long-
er wavelengths. From the simulations the nonlinear para-
meter of the waveguide was found to be ≈0.45 W−1m−1,
which indicates that the third order nonlinearity of
As2S3 has dropped to about half its value at 1550 nm.
Fig. 2. (Color online) LHS: Cutback measurement of wave-
guide loss at 3.6 μm. RHS: Measured propagation loss vs wave-
length for the As2S3 waveguide. The large increase in loss
around 4 μm is due to the Teflon coating, S-H absorption in
the glass, and increasing absorption in the silica substrate.
Fig. 3. (Color online) Output spectrum as a function of input
power for a 6.5 cm long As2S3 waveguide pumped at 3260 nm.
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Fig. 4. (Color online) Calculated spectra for powers of 260 W
(blue), 1400 W (green), and 1700 W (red) coupled into the
waveguide.
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The long wavelength limit to the spectrum in Figs. 3
and 4 is solely due to the strong waveguide absorption
beyond 4 μm. By eliminating this absorption, the simula-
tions predict that the spectrum would extend to >6 μm
for a 3260 nm pump and to >8 μm if the pump is tuned to
≈3700 nm as demonstrated in Fig. 5. The short wave-
length extension does not change significantly with the
lower wavelength limit remaining at around 3 μm.
In these experiments the maximum average power in-
cident on thewaveguidewas about 50mWandwas limited
by damage to the Teflon cladding at the input facet. In
such conditions the peak intensity at the waveguide facet
is ≈50 GW ∕ cm2 and the single pulse fluence >0.4 J ∕ cm2,
the latter being uncomfortable close to the damage thresh-
old of polymers [9]. Reducing the pulse duration to<1 ps
would alleviate this issue and should also improve the
coherence of the output by reducing the soliton number,
which in the current experiment is very large (≈250).
In conclusion, we present the first demonstration of
SC generation in the mid-IR using a dispersion
engineered As2S3 planar rib waveguide achieved by
pumping with relatively low power (<2000 W) 7.5 ps
duration pulses from an optical parametric amplifier op-
erating at 3260 nm. The excellent agreement between our
numerical simulations and the measured spectra indicate
that by eliminating the cladding absorption that currently
restricts the long wavelength extension to below 4.2 μm,
the spectrum would extend to between 6–8 μm, further
than achievable in other materials systems.
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Fig. 5. (Color online) Predicted spectral coverage when
the long wavelength cladding loss is eliminated from the
waveguide.
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